High-pressure serpentinites from Alpine Corsica, the Piedmont Zone (Western Alps), the Tso Morari dome (Himalaya), the Dominican Republic and Cuba (Greater Antilles) contain reddish (Ni,Fe)-rich silicate aggregates, a few hundred micrometers in size, which have not been reported so far from lower-pressure serpentinites, nor found there through systematic screening. The high atomic (Ni þ Fe)/Si ratio (5 6 4) of these aggregates, as well as their occurrence as coronas around (Ni,Fe)-sulfides, indicates their formation at the expense of sulfides and serpentine. The high (Ni þ Fe)/Si ratio may suggest the presence of an Fe or Ni analogue of the rare serpentine-related minerals balangeroite or cronstedtite. However, compositional variations within and between aggregates, synchrotron X-ray diffraction data acquired on single aggregates, and transmission electron microscopy reveal that these aggregates are not a single phase but rather a mixture at the hundreds of nanometer scale of oxyhydroxides, mainly goethite (FeOOH) þ (Ni,Fe)-rich serpentine 6 chlorite 6 reevesite [Ni 6 Fe 2 (OH) 16 (CO 3 )Á4H 2 O] 6 magnetite. In addition to microtexture and mineralogy, strong chemical variations at the border of the aggregates and along micro-veins suggest formation through a low-temperature alteration process. However, the occurrence of such pseudomorphic aggregates only in high-pressure serpentinites suggests that they were formed at the expense of a high-pressure silicate precursor of high M 2þ /Si ratio, still to be identified but which could be a main nickel carrier at depth in subduction zones.
INTRODUCTION
As a consequence of the wide stability field of serpentine minerals from the surface up to $650 C and $150 km depth (Ulmer & Trommsdorff, 1995; Wunder & Schreyer, 1997) , serpentinites are widespread in the oceanic lithosphere from mid-oceanic ridges to subduction zones. Thus, thermobarometry of these rocks has a great potential to constrain the metamorphic conditions and the geodynamic history of the units from which these rocks are recovered. A first-order estimate of the temperature attained by them is provided by the nature of the serpentine, as the lizardite stability field is limited by antigorite formation at temperatures above 300-400 C, whereas chrysotile is metastable (Evans, 2004; Malvoisin et al., 2012a; Schwartz et al., 2013) . Oxygen isotope fractionation between serpentine and magnetite (Wenner & Taylor, 1971; Saccocia et al., 2009) , antigorite polysomatism (Mellini et al., 1987; Wunder et al., 2001) and thermodynamic calculations based on the Al content in antigorite in the presence of chlorite (Padr on-Navarta et al., 2013) provide additional constraints on growth temperature. Nonetheless, serpentinites remain poor indicators of the metamorphic conditions compared with the mafic and sedimentary rocks of the oceanic lithosphere. Metamorphic conditions reached by serpentinites are thus generally retrieved from studies of the associated rocks (e.g. Schwartz et al., 2013) .
Balangeroite is a hydrous ferromagnesian silicate, (Mg,Fe) 42 Si 16 O 54 (OH) 40 , which was described in highpressure serpentinites of the Lanzo massif (Piedmont, Italy; Compagnoni et al., 1983; Groppo & Compagnoni, 2007) . It displays both fibrous and prismatic habits and has the highest (Mg þ Fe)/Si ratio among the serpentine-related minerals. Although the stability field of balangeroite has not been constrained by experiments, microstructural relationships suggest that it is a relatively high-pressure phase stable in the stability field of antigorite (Groppo & Compagnoni, 2007) . Recently, an accessory phase, occurring as redbrownish polycrystalline aggregates with a stoichiometry suggesting the Ni-Fe analogue of balangeroite [c. (Ni,Fe) 42 Si 16 O 54 (OH) 40 ], was reported in highpressure serpentinites from the Sangun metamorphic belt in Japan (Evans & Kuehner, 2011) and from Alpine Corsica (Malvoisin et al., 2012b) , raising interest as a possible marker of high-pressure conditions in serpentinites. Further literature search has yielded only one definite similar report, in ultrahigh-pressure mafic rocks (Yang, 2003) , and also called attention to cronstedtiteor a Ni analogue-as a possible candidate for a precursor phase; that is, a lizardite-type Fe 2þ -Fe 3þ -silicate with both octahedral and tetrahedral Fe 3þ , and hence with a high Fe/Si ratio.
The aim of this study was to investigate the nature and significance of these Fe-Ni-rich, Si-poor aggregates, in particular their potential as markers of high pressure in serpentinites, by both (1) screening a large set of serpentinite samples from contrasted geological settings, from present-day ocean floor to high-pressure meta-ophiolites in collision zones, and (2) characterizing the chemical and physical properties of these aggregates from the millimeter to nanometer scale.
GEOLOGICAL SETTINGS AND METAMORPHIC CONDITIONS
A first set of samples originates from tectonometamorphic units that have experienced highpressure metamorphism in subduction zones (Table 1) : the Western Alps (Alpine Corsica and Piedmont Zone), the Greater Antilles (Dominican Republic and Cuba) and the Himalayas (Tso Morari, Ladakh). The samples from the Western Alps and the Greater Antilles were first serpentinized on the seafloor of the Tethyan and proto-Caribbean oceans and then subducted beneath the Adria and Caribbean plates, respectively (e.g. Goncalves et al., 2000; Rosenbaum & Lister, 2005; Hattori & Guillot, 2007) . In Alpine Corsica samples were collected from the blueschist-to lawsonite-eclogitefacies units of Cap Corse (e.g. Lahondè re, 1996; Vitale Brovarone et al., 2013) , at Malaspina, near Patrimonio village, where the occurrence of aragonite inclusions in garnet (Chopin et al., 2008) , of wollastonite þ graphite (Malvoisin et al., 2012b) , and carbonaceous-matter thermometry (Galvez et al., 2013) in the metasedimentary oceanic cover of the serpentinite point to peak metamorphic conditions of 1-2 GPa and 400-450 C. The other high-pressure samples have been involved in a broader geochemical study (Hattori & Guillot, 2007; Deschamps et al., 2012 Deschamps et al., , 2013 Lafay et al., 2013) . Metamorphic conditions recorded by the Piedmont Zone samples encompass a wide range, from less than 0Á9 GPa to more than 2 GPa and from 300 C to more than 480 C [from the Rocher Blanc to the Monviso; Lafay et al. (2013) and references therein]. Pressure and temperature estimates for blueschists and eclogites occurring in the vicinity of the samples from the Dominican Republic are 340-380 C and 1Á7-1Á8 GPa, and 750 C and 2Á3 GPa, respectively Saumur et al., 2010) . Thermobarometry of eclogites associated with the serpentinites from Central Cuba (Remedios Zone) indicates peak conditions at c. 2 GPa and 600 C (Auzende et al., 2002; Garc ıa-Casco et al., 2006) . The samples from Tso Morari were serpentinized in the mantle wedge by fluid released by the subducting Indian continental margin (Hattori & Guillot, 2007) . Deformation relationships between these serpentinites and adjacent eclogitic units indicate that the serpentinites experienced peak metamorphic conditions of >2 GPa and $600 C de Sigoyer et al., 2004) .
The second set of samples never underwent highpressure conditions and consists of abyssal and ophiolitic serpentinized peridotites (Table 1) . Abyssal serpentinized peridotites were recovered at the following locations: (1) the Mid-Atlantic Ridge during the FARANAUT cruise in the Capo Verde Fracture zone region (15 N; Bougault et al., 1993) , during the Ridelente cruise with samples recovered from 15 to 24 N (Bougault et al., 1990) , during Ocean Drilling Program (ODP) Leg 109, 40 km south of the Kane fracture zone (Juteau et al., 1990) , during Deep Sea Drilling Project (DSDP) Leg 37 at 36 N (Aumento & Melson, 1977) , in the MARK area (23 N; Cannat et al., 1995) and during the Serpentine cruise (13-17 N; Fouquet et al., 2008) ; (2) at the Southwest Indian mid-ocean ridge during the EDUL cruise (Mé vel et al., 1997) . Ophiolitic serpentinized peridotites were recovered from the Chenaillet , Oman (Boudier & Coleman, 1981) and Trinity (Gruau et al., 1995) ophiolites.
ANALYTICAL PROCEDURES
More than 200 petrographic thin sections of serpentinites from the five high-pressure terranes listed above and about 500 thin sections from low-pressure settings were optically investigated to find red-brownish Max. 
Maximum pressure estimate based on serpentinization imaging at mid-ocean ridges (Canales et al., 2000) . Temperature estimate based on serpentinization experiments at 50 MPa (Malvoisin et al., 2012a aggregates fitting the optical properties reported by Evans & Kuehner (2011) or observed by Malvoisin et al. (2012a) Disks of the red-brown aggregates were first extracted from selected thin sections from Alpine Corsica. Then, electron-transparent foils were prepared by ion milling (Precision Ion Polish System-Gatan TM ) and carbon coated. Micrometer-scale X-ray diffraction patterns were acquired at the European Synchrotron Research Facility in Grenoble on the ID09A beamline with a monochromatic wavelength of 0Á413 Å . The geometry of the setup was calibrated using standard NBS silicon powder. The 30 Â 30 mm 2 incident beam was focused for 1 s on $100 Â 100 Â 30 mm 3 aggregates extracted from thin sections made by O. Medenbach with his own microdrilling device. Diffracted X-rays were collected on an MAR 555 detector located at a distance of 400 mm from the sample. Data were processed using the FIT2D software (Hammersley et al., 1996) .
HIGH-PRESSURE SYNTHESIS
Two synthesis experiments were performed under the same conditions (temperature, pressure, composition and duration) to investigate the phase relationships of the Ni-analogue of balangeroite, Ni 42 Si 16 O 54 (OH) 40 , at high pressure and high temperature. The starting material was prepared by dissolving nickel metal in nitric acid and then adding tetraethyl orthosilicate and ethanol. The solution was then neutralized with NH 4 OH to obtain a precipitate, which was dried at 80 C for 24 h to obtain an oxide gel with Ni-balangeroite stoichiometry. The starting material was loaded together with 50 wt % deionized water in a gold capsule, which was then welded shut. The high-pressure and high-temperature syntheses were performed in a piston-cylinder apparatus at 550 C and 2 GPa for 10 days using an NaClbased pressure assembly with a graphite heater [see Brunet et al. (2003) for experimental details]. The capsule recovered at the end of the experiment was pierced to check the presence of excess water and the solid run product was dried, crushed and dispersed on a glass slide for X-ray diffraction analysis with a Bruker D8 diffractometer at ISTerre.
OCCURRENCE AND MICROTEXTURES
The red-brown aggregates were found in 14 of the 200 observed thin sections at all the investigated highpressure localities (Alpine Corsica, Piedmont zone, Dominican Republic, Cuba and Tso Morari), with up to 25 aggregates per thin section. A detailed description of these samples is provided in Table 1 . The aggregates are slightly translucent, red, with a high relief and a size typically of several tens of micrometers, rarely reaching 1 mm (Fig. 1 ). Green hues are superimposed on the overall red color at the border of some aggregates from Tso Morari and Alpine Corsica. The aggregates display two morphologies: some are massive with irregular borders (Fig. 1a , b, d, f, g and i), whereas others are as sharply bounded by large phyllosilicate lamellae ( Fig. 1c and h ). Most of these interleaved phyllosilicates are platy serpentine displaying the three Raman bands of antigorite at 1045, 3665 and 3697 cm -1 (Auzende et al., 2004; Groppo et al., 2006) . Antigorite can be intergrown with green Fe-rich serpentine ( Fig. 1c and h ; Table 2 ). In one sample from Tso Morari (CH443, Fig. 1b and g ), the sheet silicate intergrown with the aggregates is not antigorite but talc (Table 2) . Magnetite is also a typical mineral found in the vicinity of the aggregates. Reflected-light microscopy, BSE images and EDS data reveal the presence of (Fe,Ni)-sulfides, generally pentlandite, but in some instances heazlewoodite, which are found in the core of the aggregates (Fig. 1b , c, g and h) or replaced at their margin and along fractures by the red-brown aggregates ( Fig. 1e and j) . Other accessory phases in the serpentine groundmass are clinopyroxene, magnetite and chromite (Table 1 ). The BSE images show that the aggregates are crossed by numerous microcracks and display a heterogeneous brightness suggesting compositional variations at the submicrometer scale ( Fig. 1) .
In 18 out of the 500 samples of low-pressure serpentinites screened, similar aggregates were found optically, almost invariably overgrowing Fe-(6 Ni)-sulfides, either pyrite (nine samples) or pentlandite (eight samples) with a mean Ni/(Fe þ Ni þ Co) ratio of 0Á58 6 0Á22, or heazlewoodite (one sample) with a Ni/(Fe þ Ni) ratio of 0Á92. Among these 18 samples, three are from the Oman and Trinity ophiolites, whereas the others were recovered at mid-ocean ridges. Serpentine and brucite were the main minerals found in the vicinity of the aggregates. Examination by SEM-EDS revealed very low Ni and Si contents and high Fe in the aggregates and a homogeneous brightness (Fig. 2) . Raman microspectroscopy indicates that these aggregates are composed of goethite, a mineral typically formed during sulfide alteration in peridotites at mid-ocean ridges (Bach et al., 2002) and in ophiolites (Butt & Nickel, 1981) . Therefore, although they have similar optical properties, these aggregates essentially differ in microtexture and in chemical or mineralogical composition from those found in highpressure serpentinites; they are thus not further considered in the following sections, which are devoted to the characterization of the (Ni,Fe,Si)-bearing aggregates.
CHEMICAL COMPOSITION
A total of 343 microprobe analyses were collected to investigate the composition of the red-brown aggregates in high-pressure samples. Representative analyses reveal a wide scatter in composition (Table 3 ). The anhydrous totals are low and range from 68Á9 to 91Á4 wt %, indicating the presence of volatile components in the aggregates (H 2 O and/or CO 2 ). Part of this low total can also be due to the porosity of the aggregates (Evans & Kuehner, 2011) . The aggregates are characterized by high FeO and NiO contents, varying inversely from 0Á9 to 67Á9 wt % and from 49Á8 to 0Á2 wt %, respectively, and by low MgO and SiO 2 contents ranging from 0Á1 to 17Á9 wt % and from 1Á5 to 32Á6 wt %, respectively ( Fig. 3 ; Table 3 ). Except for some samples from the Himalayas and from the Costa Ticino locality (Monviso) in the Western Alps, which are shown in the next section to have a slightly different mineralogy, the measured NiO content increases with SiO 2 , whereas measured FeO content decreases with SiO 2 (Fig. 3b-d) . In addition to NiO, FeO and SiO 2 , CuO and CoO are the two other major oxide components, with up to 13Á7 wt % and 8Á4 wt %, respectively (Table 3 ). The CoO content is positively correlated with the NiO content ( Fig. 4a and  b) , whereas no clear relationship is observed between CuO and any other component (Fig. 4c) . The aggregates also contain up to 3Á1 wt % SO 2 , 2Á7 wt % CaO and 2Á6 wt % Cl (Table 3) . Concentrations of P 2 O 5 are below 1 wt %, indicating a limited enrichment in this oxide compared with aggregates from Japan, which have morphological and compositional properties similar to the 'high-pressure' aggregates studied here, and containing up to 2Á3 wt % P 2 O 5 (Evans & Kuehner, 2011) .
Element maps acquired on two samples from Malaspina (Corsica) and Tso Morari (Himalaya) reveal Fig. 1 . Optical (a-e) and back-scattered electron (f-j) images of the (Fe,Ni)-rich silicate aggregates (FNSA) in serpentinite samples from Alpine Corsica (a, f), the Tso Morari dome (Himalaya; b, g), Central Cuba (c, h), the Dominican Republic (d, i) and the Piedmont Zone (Western Alps; e, j). Most of the aggregates are interstratified with serpentine (Srp), which was found to be antigorite using Raman spectroscopy. The aggregate in the sample from the Himalayas is surrounded by talc (Tlc). Sulfides [pentlandite (Pn), which can contain significant cobalt (Co-Pn)] are commonly found in the core of the aggregates. Other observed minerals in these samples are clinopyroxene (Cpx) and magnetite (Mag) .
that the compositional variations not only concern distinct aggregates but also single grains (Fig. 5) . Chemical heterogeneities in the Malaspina sample mainly develop along 1-5 mm wide Ni-and Si-rich veins crossing $10-50 mm wide Fe-rich and Si-poor regions. This indicates again a negative correlation between Ni and Fe and a positive correlation between Si and Ni in the aggregates. In the sample from Tso Morari, such correlations are also observed, with both Ni-and Si-rich and Fe-rich and Ni-poor domains reaching sizes of up to 50 mm. However, the micro-veins crossing the Fe-rich zones are Ni-rich and Si-poor, suggesting that the positive correlation between Ni and Si does not prevail in the whole aggregate. This has probably to be related to the EPMA analyses given above of red-brown aggregates from the Himalayas and Costa Ticino (Monviso) falling outside the main Ni-Si positive correlation (Fig. 3) .
Chemical data thus reveal that red-brown aggregates have compositions varying between an Fe-rich and (Si,Ni)-free end-member and a (Ni,Si)-rich and Fepoor end-member. A limited amount of data reveals the presence of a third end-member, which is (Ni,Fe)-rich and Si-poor. In the compositional maps displayed in Fig. 5k and l, each pixel was attributed a color corresponding to one of the three compositional groups ('end-member') defined in Fig. 5i and j, respectively. Such color coding allows us to highlight large inner domains of Fe-rich and (Si,Ni)-free composition, cross-cut and surrounded by (Ni,Si)-rich and Fe-poor as well as (Ni,Fe)-rich and Si-poor materials. Talc   SiO 2  43Á99  43Á28  41Á83  43Á08  41Á39  43Á37  44Á90  44Á48  62Á19  TiO 2  0Á03  0Á01  0Á02  0Á00  0Á03  0Á02  0Á00  0Á02  0Á05  Al 2 O 3  1Á63  1Á03  1Á51  1Á18  1Á98  0Á70  0Á13  0Á26  0Á07  FeO* t  3Á04  2Á23  4Á92  2Á34  9Á86  3Á16  0Á73  2Á03  2Á65  MnO  0Á13  0Á12  0Á08  0Á12  0Á15  0Á07  0Á09  0Á03  0Á04  MgO  38Á64  40Á57  37Á93  40Á19  33Á26  39Á56  41Á05  40Á16 
*Total iron. b.d.l., below detection limit; W. Alps, Western Alps; Dom. Rep., Dominican Republic; Him., Himalaya; Atg, antigorite. 
MINERALOGICAL COMPOSITION
Fe-Ni-rich silicate aggregates
In TEM images of high-pressure samples, the contact between antigorite and red-brown aggregates is rather sharp and parallel to the (001) plane of antigorite. Antigorite slabs as relics are even found inside the aggregate. The aggregate texture is disorganized up to a scale of 50 nm, below which layered and heavily folded phase(s) are observed (Fig. 6) . Accordingly, electron diffraction patterns of the aggregates are powder-like with, in particular, a concentric ring corresponding to a d-spacing of $7 Å , characteristic of serpentine or Fe-rich chlorite (Fig. 6c) . Among the aggregates, $5 nm wide black spots in TEM images indicate the presence of heavy phases, which are Fe-rich (Fe > 90 wt % of the cations) according to EDS data. The oxygen peak generally appeared in the EDS spectra, suggesting the presence of iron oxide(s) or oxyhydroxide(s). In one spectrum, this peak did not appear, suggesting the presence of native iron. The X-ray diffraction patterns acquired with a synchrotron light source on red-brown aggregates extracted from thin sections of Corsica, Costa Ticino (Western Alps) and Tso Morari (Himalaya) are shown in Fig. 7 . They reveal that these aggregates are composed of a mixture of submicrometric phases. Serpentine and oxyhydroxide [goethite, FeO(OH)] were identified in all the diffractograms. Accurate identification of the serpentine mineral in these aggregates is difficult; in the absence of independent chemical constraints, the minerals with the closest basal spacings to the serpentine mineral in the aggregates (7Á24-7Á28 Å ) were found to be Ni-rich lizardite and nepouite (Montoya & Baur, 1963; Brindley & Wan, 1975; Bayliss, 1981; Song, 1995) and antigorite (Uehara, 1998; Capitani & Mellini, 2004;  Fig. 7 ). One aggregate from Corsica was found to be mainly composed of chlorite instead of serpentine (Fig. 7d) . Magnetite diffraction peaks were also observed in another sample from Corsica (Fig. 7c) . Finally, the diffraction peaks of reevesite, a hydrotalcite-group mineral close to Ni 6 Fe 2 (OH) 16 CO 3 Á4H 2 O in composition (Song, 1998) , were observed in all the analysed aggregates from Tso Morari and in one aggregate from Costa Ticino (Western Alps) ( Fig. 7a and b) . The occurrence of this Ni-bearing and Si-free mineral probably explains the 
Ni-balangeroite synthesis experiments
X-ray diffraction patterns of the powders recovered after the two experiments display three coherent groups of reflections at: (1) 9Á6, 19Á6 and 28Á5; (2) 37Á3, 43Á3 and 62Á9; (3) 44Á5, 51Á9 and 76Á4 2h (CuKa 1,2 radiation). Such positions correspond to the diffraction peaks of the Ni analogue of talc [willemseite, Ni 3 Si 4 O 10 (OH) 2 ], nickel oxide (bunsenite, NiO) and nickel metal (indicating reduction of the Ni-oxide by the cell assembly), respectively. The joint presence of Ni metal and bunsenite suggests that the oxygen fugacity in the experiment is buffered, at least transiently, by the Ni-NiO assemblage, the intrinsic fO 2 of the graphitebased high-pressure cell assembly actually being lower. Diffraction peaks corresponding to the Ni analogue of balangeroite (Compagnoni et al., 1983) were not observed here although a gel of Ni-balangeroite stoichiometry was used as the starting material.
DISCUSSION

Nature of the red-brown aggregates
The X-ray diffraction patterns bear no evidence for the presence of a new phase in the aggregates, but rather for a serpentine þ oxyhydroxide(s) 6 chlorite 6 reevesite 6 magnetite mixture. Accordingly, in a (Fe þ Mg þ Ni þ Co) vs Si diagram (Fig. 8) , electron microprobe analysis data plot along a straight line between an (Fe þ Mg þ Ni þ Co)/ Si ratio (X M ) tending towards infinity, corresponding to non-silicates [e.g. oxides, (oxy)hydroxides, sulfides, sulfates and carbonates], and an X M value of 1Á5 corresponding to serpentine or chlorite (Fig. 8) . To determine better the distribution of Ni and Fe between serpentine and hydroxide, a marker color depending on the Ni/ (Fe þ Mg þ Ni þ Co) ratio (X Ni ) of the analysis was used in below 0Á1 near the hydroxides stoichiometry (X M ! 1) to values above 0Á8 near serpentine stoichiometry (X M ¼ 1Á5). Goethite is thus the main iron carrier and serpentine the main nickel carrier in these aggregates. This precludes the possibility that cronstedtite (a ferrous-ferric lizardite) could be the iron carrier in these aggregates. Moreover, the basal spacing values of 7Á08-7Á12 Å reported for cronstedtites (Hybler, 2006; Hybler et al., 2016) are much shorter than the 7Á256 6 0Á013 Å found here by X-ray diffraction. In contrast, nepouite and pecoraite, the Ni-bearing structural analogues of lizardite and chrysotile, respectively, are commonly found as alteration products of peridotites (Cluzel & Vigier, 2008; Wells et al., 2009; Berger et al., 2011; Villanova-de-Benavent et al., 2014) . Reexamination of the X-ray diffractograms in the light of this chemical constraint (Ni-rich serpentine) makes Ni-rich lizardite (nepouite) a better candidate than antigorite for the 7 Å phase present in all diffraction patterns. Ni-bearing antigorite has not yet been described in nature nor synthesized (Brindley, 1974; Bailey, 1988) and would have a higher basal spacing than pure antigorite, thus providing a poorer match to the measured d-spacings. Replacement of Fe 2þ by Ni in cronstedtite would not dramatically affect the d-spacings, which are also a poorer fit to the measured ones. In summary, the Ni-bearing serpentine 'endmember' of the aggregate is probably nepouite.
Origin of the red-brown aggregates
The composition of the aggregates, with Ni, Fe, Si and volatile components, and their textural location between (Ni,Fe)-sulfides and antigorite lamellae indicate a formation by reaction at the initial contact between serpentine and sulfide (Fig. 9a) . This is confirmed by the retained orientation of antigorite slabs as relics in the rim of the aggregates (Fig. 6b, white arrows) and the relatively high content in the aggregates of elements typically found in sulfides such as Cu, Co and S, as also observed by Evans & Kuehner (2011) . In one sample from Tso Morari (CH443), the aggregates are texturally located between (Ni,Fe)-sulfides and talc, indicating either that antigorite has completely reacted to form the aggregates or that talc can also be involved in aggregate formation. Altogether, the presence of micro-veins in the aggregates, of Fe 3þ in goethite and the highly disordered microtexture of the phyllosilicates revealed by TEM suggest that this alteration occurs at low temperature associated with the circulation of an oxidizing fluid (Fig. 9c) . The additional presence of reevesite (CO 2 -bearing) in the aggregates from the Piedmont zone and Tso Morari indicates the presence of carbon in the fluid. Such a C-O-H fluid most probably originated from the nearby sediments found in most of the localities investigated here (Goncalves et al., 2000; Guillot et al., 2000; Hattori & Guillot, 2007; Malvoisin et al., 2012b; Lafay et al., 2013) . Alteration of (Ni,Fe)-sulfides to form goethite and/or clays is also typical in ophiolites and abyssal peridotites (e.g. Butt & Nickel, 1981; Alt & Shanks, 1998; Bach et al., 2002; Caillaud et al., 2006 Caillaud et al., , 2009 Alt et al., 2007) . Indeed, the oxidation implied by goethite formation at the expense of (Ni,Fe)-sulfide also occurred in the abyssal and ophiolite peridotites screened here. As few Ni-bearing phases, if any, were observed in the vicinity of altered sulfides in these peridotite samples, the reaction probably implies Ni-leaching through sulfate formation as observed in the experiments on pentlandite oxidation by Legrand et al. (2005) :
Even if it was also an oxidation reaction, the reaction responsible for aggregate formation in the high-pressure serpentinites was probably different from reaction (1), as Ni was preserved during the reaction, as shown by the presence of a Ni-silicate phase in the aggregate.
Aggregates with chemical and microtextural properties similar to those of the aggregates described here have been reported only in serpentinized peridotites or altered gabbros, which have also experienced highpressure metamorphism (Yang, 2003, fig. 10 ; Evans & Kuehner, 2011) . Therefore, a high-pressure stage . Back-scattered electron image and X-ray composition maps for Si, Fe and Ni in two red-brown aggregates, one from Alpine Corsica (sample 10-10; a, c, e, g), the other from Tso Morari (Himalaya; sample CH439; b, d, f, h). X-ray maps are restricted to the areas of the aggregates by displaying only pixels having a Ni content above a fixed threshold. The color scale ranges from the lowest to the highest values measured in these areas. The wide compositional variability at the micrometer scale along borders and numerous micro-veins should be noted. To better characterize this variability, 'phase' maps (k, l) were built by selecting compositions in NiO vs SiO 2 diagrams (i, j). Each selected composition is shown with a colored box in (i) and (j). The color displayed for each composition corresponds to the number of points. Green and red colors are used for micro-veins and areas showing a positive correlation between Ni and Si. Blue color is used for micro-veins and areas with high Ni content and low Si content, which probably contain reevesite.
appears to be required to form the red-brownish aggregates bearing a Ni-silicate phase (Fig. 9b) . However, in subduction zones, sulfides are expected to react to form other sulfides with lower (Fe þ Ni)/S ratios (e.g. pyrrhotite replacement by pyrite; Alt et al., 2012) or to release H 2 S in the fluid, which then migrates up to the mantle wedge where arc magmas are formed (e.g. Jé go & Dasgupta, 2013) . Thermodynamic calculations indicate that these reactions occur in the stability field of magnetite and Fe 2þ -rich silicates (Evans & Powell, 2015) . However, Fe 3þ -rich hydroxides are the main iron carrier in the red-brown aggregates. Therefore, one or several intermediate, reduced, high-pressure phases must form to store the Ni and Fe released during sulfide replacement or decomposition. This phase is probably altered under varying conditions during the retrograde path to form the red-brown aggregates. The nature of this phase is difficult to infer from the composition of the aggregates, which show a high compositional variability that is probably due to intensive element transfer during low-temperature alteration.
The aggregates were thus probably formed through the alteration of a high-pressure phase with 1Á5 X M 1 (Fig. 8) . This includes Ni-and Fe-bearing serpentine and non-silicate minerals (oxides and metals), but also other Ni and Fe analogues of ascertained or potential highpressure silicates such as phase A, for which the Mg endmember has been produced experimentally (Bose & Ganguly, 1995; Luth, 1995) . Balangeroite observed in the Lanzo massif (Compagnoni et al., 1983 (Compagnoni et al., , 1985 is another candidate, as antigorite inclusions and overgrowths by metamorphic olivine and diopside suggest its formation at high pressure (Groppo & Compagnoni, 2007) . Evans & Kuehner (2011) and Malvoisin et al. (2012a) have proposed that phases with optical properties and compositions similar to those of the (Fe,Ni)-rich silicate aggregates described here are (Ni,Fe)-balangeroite, based on chemical compositions matching balangeroite stoichiometry. Synthesis experiments performed here at 2 GPa and 550 C with a gel of Ni-balangeroite composition only produced the Ni analogue of talc, nickel oxide (NiO) and nickel metal (Ni). As suggested by previous experiments in the NiO-SiO 2 -H 2 O system, the NiO/Ni-talc assemblage is probably metastable (Roy & Roy, 1954; Ringwood, 1962) . Therefore, the experiments performed here do not allow us to reach a conclusion on Ni-balangeroite end-member stability at high pressure, and further experimental work is required to investigate phase relationships in this system. One of the EDS spectra acquired here with TEM indicates the presence of iron metal in the aggregates. Although this result must be considered with care, as the coexistence of metals and goethite at the nanometre scale in the aggregates imposes strong redox gradients under largely non-equilibrium conditions, this observation may provide evidence for balangeroite as the high-pressure precursor phase of the aggregates. Indeed, the veins in which (Mg,Fe)-balangeroite was described in the Balangero mine also contain FeNi alloys (awaruite and taenite; Rossetti & Zucchetti, 1988; Groppo & Compagnoni, 2007) . Awaruite has been reported in other metaperidotites from the Val Malenco, formed at the expense of pentlandite and heazlewoodite through H 2 S release in the fluid (Peretti et al., 1992) . Detailed mapping of the opaque minerals revealed that the awaruite-in isograd coincides with the olivine-in isograd during prograde metamorphism.
Thermodynamic calculations with a mean peridotite composition indicate that the samples in which the (Ni,Fe)-rich silicate aggregates were found here could all have reached the olivine stability field (Fig. 10) . Fig. 3b and above the black line in Fig. 3c . The color of the symbols depends on the
It should be noted that this ratio increases as the Si proportion increases in the aggregate. Serp/Chl, serpentine or chlorite. Fig. 9 . Sketch summarizing the formation of (Fe,Ni)-rich silicate aggregates. Serpentine is first formed during peridotite alteration at mid-ocean ridges (a). Then, pressure and temperature increase during subduction leads to sulfide destabilization through interaction with metamorphic fluids. (Fe,Ni)-sulfides are then replaced by an Fe-Ni-bearing high-pressure phase (b). Finally, the Fe-Nibearing high-pressure phase is altered during interaction with oxidizing fluids at low temperature. This results in the formation of the complex (Fe,Ni)-rich silicate aggregates described here (c).
However, among the samples studied here, metamorphic olivine has been described only in samples from Tso Morari. Finding the high-pressure precursor of the aggregates will require a detailed screening of samples containing (Fe,Ni)-sulfides or, better, (Fe,Ni)-alloys, which have experienced metamorphic conditions higher than 450 C and 1Á5 GPa, and limited low-temperature alteration. Localities where such samples can be found include the Lanzo massif (Italy; Groppo & Compagnoni, 2007) , the Voltri Massif (Scambelluri et al., 1991) , the Zermatt-Saas zone (Switzerland), the Cu-Fe Servette mine (Italy; e.g. Selverstone & Sharp, 2013) and the Otrøy garnet peridotite (Norway; Van Roermund et al., 2000) .
CONCLUSION
The detailed study of the Fe-Ni-Si-OH aggregates in high-pressure serpentinites suggests their formation in three successive steps summarized in Fig. 9 , as follows.
(1) The presence of Fe-Ni sulfides as inclusions, as well as the measurement of small concentrations of elements typically found in sulfides in the aggregates, indicates that the Fe-Ni sulfides found in the serpentinized peridotites at mid-ocean ridges are the very first precursor of the aggregates (Fig. 9a) .
(2) Red-brownish aggregates were found in all the investigated sample localities, but those rich in Ni were systematically found in rocks that have experienced highpressure metamorphism. This suggests that the latter aggregates are relics of high-pressure Ni-and Fe-bearing precursor(s), and therefore markers of high-pressure conditions during subduction (Fig. 9b) . The metamorphic conditions estimated for the samples containing redbrownish Ni-Fe-rich aggregates range from 0Á9 GPa and
300
C for the Piedmont zone in the Western Alps to 4Á5 GPa and 760 C for the Su-Lu region in China ( Fig. 10 ; Yang, 2003) , indicating a large stability field for this precursor. Interestingly, antigorite was the only serpentine mineral observed in the vicinity of the Ni-Fe-rich aggregates.
(3) The microtextures and the alteration products found within red-brownish Ni-Fe-rich aggregates suggest their formation through low-temperature near-surface alteration of the high-pressure precursor Ni-and Fe-bearing phase during exhumation (Fig. 9c) . The presence of goethite (Fe 3þ -bearing) and reevesite (CO 2 -bearing) points to an oxidized C-O-H attendant fluid, probably originating from the nearby metasediments found in most of the investigated localities.
The finding of these aggregates in high-pressure serpentinites indicates that the Ni and Fe liberated by sulfide breakdown in subduction zones are locally recycled, whereas sulfur is released in metamorphic fluids, as either H 2 S or sulfate depending on redox conditions. These results further highlight that Fe-Ni sulphides, which are sensitive redox markers in subducted serpentinites, can also provide P-T constraints, provided that a very detailed petrological inspection is carried out. Without such inspection, the use of bulkrock analyses to infer the redox of slab-derived fluids is fraught with uncertainty, as low-temperature alteration during serpentinite exhumation leads to oxidation and thermodynamic disequilibrium at the grain scale. Fig. 10 . Estimated metamorphic peak conditions for high-pressure serpentinites (a) and metagabbros (b) in which (Fe,Ni)-rich silicate aggregates were observed. In (a), metamorphic peak conditions are also given for low-pressure serpentinized peridotites (Chenaillet and mid-ocean ridges) and the locality from which (Mg,Fe)-balangeroite has been described (Lanzo massif). The background color corresponds to the modal amount of olivine (a) and garnet (b) in mol % calculated with Perple_X (Connolly, 2005) for H 2 O-saturated ultramafic and mafic rocks, respectively. Details on the compositions and solid solutions used for the calculations have been given by Malvoisin et al. (2015) . The stability fields of selected minerals are bounded with continuous white lines.
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